much has been learned in recent years about the factors affecting reflection of sunlight by soils, the influence 
of rough-tilled Templeton silt loam (fine-silty, isotic, respectively, as compared with the albedo of the reference smooth isomesic Andic Dystrudept) increased slightly as insoil. These reduction percentages can be used as a general guide to creased from 41 to 76.5Њ. They suggested that ␣ is more estimate the albedos of tilled soils similar to the Gila and Pima soils likely to increase with increasing for relatively rough studied here.
tilled soils where the light-trapping mechanism of the surface may function nearly equally well under both low and high . Cresswell et al. (1993) pointed out that S oil albedo (␣) is the ratio between reflected (K↑) the sun angle effect is complex and appears to be someand incoming (K↓) radiation within the short wave what specific to a particular soil and surface condition. ( ≈ 0.3-3.0 m) portion of the solar spectrum (Coulson The variation of albedo with roughness and may and Reynolds, 1971; Oke, 1987) . Albedo is an important also be influenced by the relative amounts of diffuse input parameter for modeling various environmental radiation and direct beam radiation incident upon the processes, such as the soil surface energy balance (e.g., surface (Cresswell et al., 1993) . Scattering of incident Bristow, 1987) and soil erosion (e.g., Laflen et al., 1991) .
light by air molecules, clouds and aerosols varies with Albedo helps regulate soil temperature, which in turn and affects the relative contributions of direct and influences soil biophysical processes, such as seed germidiffuse components in K↓ (Rosenberg et al., 1983) . At nation and microbial activity. Soil albedo can be altered very low the diffuse contribution is relatively large, to change soil temperature (e.g., Stanhill, 1965; Creswell which increases ␣. et al., 1993) , and a common way is by changing the The degree of roughness of a surface depends intrinsiroughness of the surface by tillage (Potter et al., 1987) .
cally on and the wavelength () of the scattered radiaThis is often done in vegetable production areas of the tion (Ogilvy, 1991) . Intuitively, we expect that a plowed southwestern United States where soil temperature field should appear relatively rough, with mostly diffuse modification early in the season can help optimize plantscattering of light when is large at mid day. However, ing and harvesting dates.
that same plowed field may appear smooth with a preIn this study we addressed the question of how albeponderance of specular reflection at small early in the dos of dry and wet soils are affected by the roughness morning or late in the afternoon. Whether a soil surface of the surface as a function of the sun angle (). Though is smooth or rough may be defined in terms of the Rayleigh criterion (R a ) (Ogilvy, 1991) The objective of this research was to determine how that must be small ( Ͻ 10Њ) and must be small much albedos of relatively smooth reference soils ( Ͻ 0.5 mm) for a soil surface to be considered a change in response to changing surface roughness cresmooth scatterer of short-wave radiation (0.3 ϫ 10 Ϫ6 ated by four tillage operations (categorized as rough Ͻ Ͻ 3 ϫ 10 Ϫ6 m). Soil surfaces, thus, are seldom plowed, disked, disked-disked, and seedbed). The extruly smooth.
periment was conducted on two soils, under wet and If the soil surface is relatively smooth, the albedo at dry conditions, and the results are reported as the perany will be mainly a function of the size distribution centage of change in albedo from the reference smooth (Bowers and Hanks, 1965 ) and the color (Post et al., surface for each soil condition. 1993, 2000) of the soil aggregates. Bowers and Hanks (1965) used laboratory studies to show that reflectance MATERIALS AND METHODS of clay particles increased exponentially with decreasing average particle size; however, Cierniewski (1987) Soils and Tillage Treatments found the effects of particle size on the spectral reflec- Albedo measurements were made throughout the morning, first on the dry soil, followed ≈ 2 d later on the wet soil. Wetting † Standard deviation given in parentheses.
of the plots with 5 to 10 mm of water was done by sprinkler irrigation. The albedos of the tilled soil conditions were referand a mean was computed. No rmsd data were collected on enced to the smooth dry and wet soil condition at the same the smooth soils, but it was estimated to be 0.1 cm.
sun angle by computing a percentage difference. The 100-pin roughness meter was chosen for use in this Characterization of light scattering properties of the atmostudy because it provided a relatively inexpensive and readily sphere was made using data for direct beam radiation fluxes available means for adequately characterizing surface at normal incidence (D ) and the total global solar radiation roughness. A more elaborate instrument, such as a laser meter, fluxes (R s ) on a horizontal surface. These fluxes were meacould have provided more detailed information about the sured with an Eppley (normal incidence) pyrheliometer and roughness of the surfaces had this type of instrument been an Eppley pyranometer on the roof of the Physics and Atmoavailable for use in this study.
spheric Sciences Building at the University of Arizona campus ≈ 7 km south of the study plots. These data showed similar 
RESULTS AND DISCUSSION
albedo. It was attached to the end of a 1-m-long steel pipe that extended horizontally over the soil. The pipe and sensor Mean values of albedo (i.e., means of six albedo meawere supported by a tripod. For K↓ measurement the sensor surements made during morning hours) are presented was oriented upright, and for K↑ it was inverted. The sensor in Table 3 for each tillage treatment studied in 1995 and was leveled to ≈ 1Њ of horizontal.
Not surprisingly, these means indicate that albedo
Tests conducted at various sun angles showed that at sensor was generally increased by increased surface smoothheight (h s ) Ն0.6 m, the shadow cast by the sensor on the soil ness and dryness. In addition, for 10 of 12 comparisons surface had negligible effect on K↑ for sun angles Ͻ70Њ. The (1995 means vs. 1996 means in Table 3 ), the means were Eppley sensor was also close enough to the surface to ensure that nearly all of the K↑ originated from the soil under study. greater in 1996, when tillage was east-west, than in 1995, For the downward-viewing sensor, the relative contribution when tillage was north-south. However, the importance ( f ) to the total K↑ from a square area of soil directly below of tillage direction on albedo is uncertain. Other factors, the sensor is given by (see Siegel and Howell, 1972): such as different clod sizes and shapes and different soil water contents between years, could have played a role f ϭ 4
in causing different albedos. It is noteworthy that the albedo values for the seedbed treatment were higher in where 1996 even though the seedbed treatment both years
1 Company name is included for benefit of the reader and does not imply endorsement by the University of Arizona.
and b is one-half the width (m ) of the square area. The albedos of the reference smooth soils were greatmm smoothed soils can be predicted if the Munsell color value of the soil is known; however, with increased est at the 20Њ sun angle and decreased with increasing angle (Table 4 and Fig. 1 ). This is consistent with wave surface roughness, the albedo is generally reduced. The question of interest then becomes: by how much were scattering theory (Ogilvy, 1991) , which predicts highest albedo at low . Also plotted in Fig. 1 are the combined the albedos of the Pima and Gila soils changed by tillage? The percentage of reduction in albedo depends on 1995 and 1996 mean albedos for each tillage treatment. The means for the tillage treatments and the smooth both the roughness of the soil and sun angle. The smooth soil albedo (␣ s ) values in Table 4 were used as the referreference surfaces ranged from 0.279 for the smooth dry Gila soil to 0.085 for the rough-plowed, wet Pima ence values to calculate a percentage of difference between the smoothed surface albedo and the rough soil. This relatively wide range of albedos is not unexpected, since Pima and Gila soils respond differently to (tilled) surface albedo (␣ r ) using Eq.
[4]: tillage. The fine sand and low clay content in the Gila
[4] soil, particularly for the seedbed and disk-disk treatments, were quite loose and structureless, whereas the Pima soil had more small clods. There were also some- Figure 2 is a histogram of the mean percentage differ- ence (reduction) of soil albedos for the 16 soil conditions lighter to darker soil conditions, indicating greater absostudied (two soils ϫ two moisture levels ϫ four tillage lute sensitivity of albedo of lighter soils to changing treatments). Each mean percentage difference for the surface roughness. The slope coefficient values were dry seedbed, disk, and rough-plowed treatments was comGila, 0.023; dry Pima, 0.016; wet Gila, 0.012; and wet puted from the 12 albedo measurements made at six Pima, 0.005. sun angles during different mornings in both 1995 and Figure 3b presents 1996 values of normalized albedos 1996. The mean percentage differences for the disk-disk (see left-hand ordinate of Fig. 3b ; normalized albedo is treatment were computed from the six measurements defined as the mean albedo for a tillage treatment [␣ r ] made only during 1996. Values of the mean percentage divided by the mean albedo of the reference smooth reduction in albedo ranged from 35% for the dry, roughsurface [␣ s ]) and percentage reduction of albedo (see plowed Pima to a plus 1% for the wet and dry Gila right-hand ordinate of Fig. 3b ; percentage reduction is seedbeds. The standard deviations are noted in Fig. 2 defined by Eq.
[4], i.e., 100%(1 Ϫ [␣ r /␣ s ])) vs. surface for each soil condition and are quite variable. The overroughness. The regression equation describing the relaall mean percentage reductions (and standard deviationship between normalized albedo and surface tions) of albedos of both soils for each of the four tillage roughness (Y ϭ 1.02 Ϫ 0.07X, r 2 ϭ 0.53, with confidence treatments were 27 (6), 18 (6), 10 (5), and 8 (9) for the and prediction intervals shown) is a useful relationship dry and wet rough plow, disk, disk-disk, and seedbed, for modeling albedos of soils similar to Pima and Gila, respectively. The equivalent coefficients of variation if ␣ s and are known. (CV) were 22, 33, 50, and 112%. The relatively large Based on all of the results in Fig. 2 and 3b, our recom-CV for the seedbed condition may be an outcome of mendation is as follows to estimate the albedo of bare soil aggregation conditions that differed between the soils similar to the Gila and Pima soils. First, predict Gila and Pima soils. The clay loam Pima soil had more the smooth soil albedo from soil color data, specifically small clods than the fine sandy loam Gila soil. This may the color value components as discussed by Post et al. have caused the albedos of the Pima seedbed surfaces (2000), and then reduce the smoothed albedo according (both dry and wet) to be reduced considerably below to the tilled condition of the soil. the corresponding Pima smooth soil values. In contrast, Rough plow: 21 to 35% (x ϭ 27%) the Gila seedbed albedos were slightly increased above Disk: 11 to 21% (x ϭ 18%) the Gila smooth soil albedos. The mechanism explaining why the seedbeds of the Pima soil and Gila soil reflected Disk-Disk: 2 to 17% (x ϭ 10%) relatively less and more light, respectively, than the corSeedbed: Ϫ1 to 20% (x ϭ 8%) responding smooth surfaces for both soils is uncertain. Figure 3a shows the four best-fit linear regression CONCLUSIONS lines between mean soil albedo (1996 mean albedos Our results and previous studies indicate that soil tabulated in Table 3 and reference surface mean albedos albedo generally decreases as sun angle and roughness tabulated in Table 4 ) and surface roughness () values increases. The changes due to sun angle were normalmeasured for the two soils under dry and wet surface ized by calculating the percentage change in albedo from conditions. The goodness of fit was relatively large the reference soil condition, measured at the same sun (mean r 2 ϭ 0.73) for each of the four regression lines. The slopes of the lines decreased in magnitude from angle. The mean albedos for the rough-plow, disk, disk- disk, and seedbed tillage treatments were 27, 18, 10, and correlated (mean r 2 of 0.73) for the Gila and Pima soils under dry and wet conditions. However, the linear re-8% below the mean smooth surface albedo.
Data from the two soils studied produced markedly gression slope coefficients differed, and the sensitivity of albedo to roughness varied among soils and moisture different slope coefficients for linear relationships between albedo and surface roughness. These differences conditions. The results presented here may be used to predict the probable albedo reduction from a smooth may be related to the different colors and textures of the two soils. Surface roughness conditions for the 1996 reference condition for soils with color and texture similar to the Gila and Pima soils and for roughness condidata regressed against the mean soil albedos were well 
